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We present a joint theoretical and experimental investigation of charge doping and electronic
potential landscapes in hybrid structures composed of graphene and semiconducting single layer
MoS2. From first-principles simulations we find electron doping of graphene due to the presence of
rhenium impurities in MoS2. Furthermore, we show that MoS2 edges give rise to charge reordering
and a potential shift in graphene, which can be controlled through external gate voltages. The
interplay of edge and impurity effects allows the use of the graphene-MoS2 hybrid as a photodetector.
Spatially resolved photocurrent signals can be used to resolve potential gradients and local doping
levels in the sample.
Being a truly two-dimensional material [1], graphene can be integrated into hybrid structures with other 2D crystals
such as boron nitride (BN), tungsten disulfide (WS2) or molybdenum disulfide (MoS2) [2–6]. The ability to build
’on demand’ complex heterostructures via layer-by-layer integration establishes a whole family of new materials with
widely varying characteristics and exciting possibilities for novel 2D nanodevices [7–9]. A prerequisite for future
electronic applications lies in the understanding of interface effects when different building blocks come together. In
particular, the electronic properties of realistic interfaces of graphene and two-dimensional materials present an open
problem.
In this work, we investigate heterostructures made of graphene and the semiconducting transition metal dichalco-
genide MoS2, a system that has already been utilized for vertical field-effect transistors [3]. We study how different
charge transfer mechanisms control relative Fermi level positions, built-in electric fields and charge reordering at
realistic graphene-MoS2 interfaces. The simulated charge and potential landscapes are compared to photovoltaic
measurements.
In order to investigate the graphene-MoS2 hybrid structures theoretically, we performed first-principles density
functional theory (DFT) simulations [10]. As the lattice constant of isolated graphene is about 23% smaller than the
one of isolated MoS2, we constructed a supercell consisting of a 5x5 layer graphene (50 C atoms) coated with a 4x4
layer MoS2 (16 Mo atoms and 32 S atoms) with a stacking as shown in Fig. 1b to account for this lattice mismatch.
The remaining lattice mismatch of about 3-4% is reasonably small and compensated by a slight strain of graphene to
the MoS2 lattice constant.
The graphene-MoS2 structure was then fully relaxed, which leads to an equilibrium graphene-MoS2 distance of 3.35
A˚ in good agreement with Ref. [11] and indicates a weak interlayer bonding of van der Waals-type. Based on this
setup, we simulated realistic edge and impurity effects on the electronic properties of graphene-MoS2 hybrids.
We first address the role of impurity effects. To this end, we consider the fully MoS2-covered graphene as in Fig. 1b
without impurities and compare it to the case with impurities in the MoS2. The band diagram of the pristine system
is also shown in Fig. 1b. The green bands mark the graphene pz contributions, and we see that the characteristic
Dirac cone of graphene is preserved - with the Fermi level lying directly on the Dirac point. So, the interaction
between graphene and clean MoS2 is weak and does not induce an “intrinsic” doping in the graphene [12] unlike e.g.,
SiC substrates [13, 14].
The situation can change when impurities are present in the MoS2. We performed X-ray Photoelectron Spectroscopy
(XPS) measurements in order to verify the presence of impurities in the heterostructure. We found a significant amount
of oxygen which we show to be not important in [10]. However, it is known from the literature that Re impurities
naturally occur in MoS2 [15, 16]. To simulate the effect of Re impurities, one Mo atom in the unit cell was replaced by
a Re atom (Fig. 1c). We found that Re atoms substituting Mo atoms virtually do not alter the atomic structure of the
system. In particular, the graphene-MoS2 binding length and binding energy remain nearly the same. However, we
2FIG. 1. (a) Sketch of the graphene-MoS2 system from side view with visualization of planar and impurity doping mechanisms.
(b) (upper panel) Unit cell of graphene fully covered with MoS2 from top view. Yellow atoms indicate the graphene carbon
atoms, blue atoms sulfur and red atoms molybdenum. The stacking is chosen to be such that one C atom in the unit cell sits
exactly below a Mo atom. In Ref. [11] it is stated that another configuration, where C sits below an S atom, is equivalent
in both the binding and electronic properties. (lower panel) Band structure of the system. The green thick bands visualize
the graphene pz bands. (c) The same system with Re impurities (black atom in the unit cell). The red thick bands visualize
contributions of the Re d orbitals to the band structure.
see interesting electronic effects in the band diagram. Here, the Fermi level gets pinned at the impurity level in MoS2,
which leads to electron doping of graphene. The case depicted here, corresponds to a high impurity concentration of
7.6x1013cm−2 and shows a Fermi-level shift of 0.29 eV, which corresponds to an electron doping of 0.8x1013cm−2 . For
an impurity concentration of 1.9x1013cm−2 (using a larger supercell) we find a shift of 0.27 eV. Thus, indicating that
the doping saturates for impurity concentrations on the order of 1013cm−2 which is a result of the linear density of
states in graphene and the relative position of the impurity level in MoS2. The shift is also robust under the influence
of additional MoS2 layers or temperature [10]. The Re d states are responsible for the electron transfer as can be
seen from the red-colored thick bands in Fig. 1c. These form broad donor levels and pin the Fermi level whereby
the Dirac point becomes shifted toward the MoS2 conduction bands. The hybridization between MoS2 and graphene
remains weak and keeps the graphene dispersion unaffected near the Dirac point. Thus, Re impurities within the
MoS2 provide the electrons for an n-type doping of graphene while we find that commonly present oxygen impurities
or sulfur vacancies do not affect graphene [10].
For a more complete picture of the interface physics, we also consider charge redistributions within graphene in
lateral direction below MoS2 edges. Therefore, we have simulated graphene where one half of the graphene-plane
3FIG. 2. (Black box) Side view on the MoS2 (1¯010) edge configuration on graphene. (a) Visualization of the on-site energies in
graphene under a MoS2 edge for the case of pristine MoS2 (black dots denote graphene atoms, Mo and S atoms are not shown
for clarity). ∆E is defined as the energy relative to the minimum pz energy (far away from the edge in uncovered graphene). (b)
Occupation nx of graphene pz orbitals along the green line in (a) for pristine (red) and Re-contaminated (blue) MoS2 (nx > 1
means n-doping, nx < 1 p-doping; the max. of nx = 1.004 corresponds to 1.5x10
13cm−2 carrier concentration).
is covered with MoS2. A supercell containing about 600 atoms was constructed [10] whereby three realistic MoS2
edge configurations [17, 18] were considered: the S-terminated (1¯010) edge and two Mo-terminated (101¯0) edges with
additionally adsorbed S dimers or S monomers. Fig. 2 (black box) sketches the case of an S-terminated (1¯010) edge.
The onsite-energy differences ∆E of pz orbitals in graphene atoms near this edge with pristine MoS2 are visualized
in Fig. 2a. A potential gradient at the edge (dark green line) can be observed with a maximum height difference of
almost 400 meV. Similar to the case of graphene with metal contacts, which generally show a work function difference
at the interface between graphene and metal/graphene regions [19], an electric field builds up which results in charge
separation, i.e. a p-n junction. We emphasize here that the shape of the potential gradient varies with the edge
structure. For instance, we find the potential step to be smaller at the Mo-terminated (101¯0) edges. If impurities like
Re are present in the MoS2, the potential gradients created by work function differences at the edges are superimposed
by bulk doping induced differences in the Fermi levels. This can be seen from the charge redistribution at this edge
shown in Fig. 2b.
For both, pristine and Re-contaminated MoS2, a zone of lower occupation occurs near the potential step at 32
A˚. In the pristine case (red dots) the uncovered graphene exhibits lower on-site energies and therefore gets locally
n-doped while the MoS2-covered part is p-doped with the exception of some single C atoms that sit below the middle
of a MoS2 hexagon (cf. Fig. 1b). This charge reordering is restricted to regions close to the edge, and under perfect
conditions graphene is undoped on both sides at large distance. However, in a realistic system, Re impurities in the
MoS2 are present. Then the situation at the (1¯010) edge is different: for a Re contamination as discussed above, the
n-type bulk doping effect of MoS2 on graphene and the edge-induced local p-doping compete. As a result, also the
MoS2-covered side becomes electron-doped in the edge region (Fig. 2b, blue dots).
To gain experimental insight into potential gradients at edges, we performed photocurrent measurements (Fig. 3a
and b). Therefore, the sample was placed on a piezoelectric stage below a 1.96 eV (633 nm) laser. The current
flowing in a circuit comprised the photoactive graphene - MoS2 heterostructure and was measured as a function of
the piezoelectric stage position [10]. The laser power was set at 80 µW and the laser spot radius was 0.5 µm. As
has been previously reported [20], there is a photovoltaic current generated at the interface between metal contacts
and graphene due to p - n junctions. Similarly, we measure a clear photocurrent signal when the laser spot is in
the region where the MoS2 has been placed (red region, Fig. 3a), while virtually no measurable current is generated
4FIG. 3. (a) Sketch of the experimental setup for photocurrent measurements. Graphene (brown stripes) is partially covered
with MoS2 flakes (red stripe) with gold contacts (yellow) and irradiated by a laser beam). (b) Sketch of a lateral cut through
the sample for clarity. (c) Photocurrent maps with the terminals connected to the top (left top panel) or bottom (right bottom
panel) electrodes. The dark blue stripes indicate graphene, the narrow light blue stripe in perpendicular direction denotes the
MoS2 stripe. (d) Dependence of the photocurrent Iphoto from the gate voltage Vg from static point measurements (solid red
line) and current maps averages (blue squares).
in the uncovered graphene (purple region) and only a small current near the metal contacts (yellow regions). The
measurements are shown in Fig. 3c and d. In 3c, photocurrent maps are recorded when the terminals are connected
to either the top or bottom two electrodes respectively (top left and bottom right panel). The scanning photocurrent
data was measured by recording the voltage drop across a load resistor of known resistance placed in series with the
device. The response was determined for each step in the x-y position of the laser by measuring the voltage across
this resistor. In this fashion, a spatial map of the local photocurrent distribution could be produced. In the top right
panel an optical image of the device is shown. The photocurrent generated at the graphene - Au interface can be seen
while a much stronger signal is obtained on the graphene - MoS2 heterostructure. Also in some regions of uncovered
graphene a small photocurrent is present due to small variations in local doping, but the effect is too minor to be
visible on this scale.
The symmetry of the photocurrent maps shows that the current is generated at the interface between the uncovered
and the MoS2-covered region. Since the uncovered graphene is undoped, while it is n-doped when covered with MoS2,
a potential barrier builds up as discussed above. The resulting electric field prevents a recombination of laser-induced
electron-hole pairs and finally results in a current. Hence, it is the interplay of impurity doping and potential gradients
that permits to use the graphene-MoS2 heterostructure as a photodetector. Importantly, the current is not generated
near the metal contacts like in most graphene-based photodetectors [20–23]. The photocurrent generated in a certain
region of the sample is proportional to the local potential gradients. Therefore, the photocurrent map depicts local
potential gradients and reveals the spatial dependence of the Fermi level. This technique is thus a powerful tool to
investigate the doping levels in graphene heterostructures with spatial resolution.
The photocurrent signal Iphoto of the active region responds to a gate voltage Vg (Fig. 3d), and approaches a small
5FIG. 4. Illustration of the Fermi level evolution along the MoS2 edge for different gate voltages Vg. In the MoS2-covered region
(left), the Fermi level becomes pinned due to impurity bands while it increases in the uncovered region (right) with Vg.
constant value at ∼ 30 V which corresponds to an electron concentration of 2x1012cm−2. The response of Iphoto to Vg
was measured in two ways: i. the laser was statically positioned on the heterostructure (solid red line) while sweeping
gate voltage. ii. photocurrent maps were taken at a series of different gate voltage values and the mean current
from the active region calculated (blue squares). For these measurements a potential was applied between the silicon
backgate and graphene, while the graphene was kept grounded. For negative gate voltages the photocurrent signal
increased, which corresponds to an increased potential step at the edges. For positive gate voltages, the photocurrent
signal decreased until the heterostructure region was barely distinguishable. Since a positive sign of Vg corresponds
to an electron doping, this confirms the n-type doping of graphene under MoS2. This is also in agreement with Ref.
[24], where an n-type doping of graphene on MoS2 is reported.
Apparently, the potential barrier changes upon applying a gate voltage Vg. The local Fermi level in MoS2-covered
and uncovered graphene responds differently to Vg. This is because the MoS2 on graphene can partially screen the
gate induced electric fields due to quantum capacitance related charge redistributions from graphene to MoS2 (Fig.
4): in uncovered graphene, all charge density ρ induced by Vg has to be taken up by the graphene bands. Thus, the
Fermi level in graphene increases correspondingly to ρ. On the contrary, in MoS2-covered graphene in addition to
states derived from graphene, MoS2 states or impurity states from MoS2 can be available at the Fermi level. These
latter MoS2 and impurity-derived states take up large parts of the charge (due to the low density of states in graphene)
and thus, the gate voltage-induced changes of the Fermi level are much smaller in the uncovered than in the covered
region. In other words, impurity levels in MoS2 induce a Fermi level pinning as discussed in Fig. 1c. This mechanism
is responsible for high photocurrents at negative gate voltages: the uncovered graphene becomes hole-doped while
6the MoS2-covered region remains with the Fermi level pinned to the impurity donor states. Thus, the potential step
at the MoS2 edges increases with negative gate voltages which amplifies the photocurrent. For positive gate voltages,
the Fermi level in uncovered graphene increases and the potential step is reduced. At very large gate voltages, we
speculate that the impurity donor bands become filled and there is essentially no charge transfer from the donor bands
to graphene. Therefore, the potential step and the photocurrent generated at the MoS2 edge become very small.
In conclusion, we presented an investigation of graphene-MoS2 hybrid structures. Our DFT calculations (cf. Ref.
[25] for graphene-BN hybrids) reveal two different doping mechanisms: First, we showed that MoS2 edges induce
charge redistributions within the graphene plane. Second, Re impurities in the MoS2 lead to charge transfer from
MoS2 to the graphene. Photovoltaic experiments support these findings. The interplay of impurity as well as edge
effects allows to build graphene-MoS2 photodetector devices where the photocurrent is not generated at the metal
contacts.
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2COMPUTATIONAL METHOD
Density functional theory (DFT) calculations were performed using the Vienna ab initio simulations package (VASP)
[S1] with projector augmented (PAW) plane waves [S2, S3]. The local density approximation (LDA) was employed to
the exchange-correlation potential, which is better suited to describe van der Waals forces in weakly bound layered
systems than generalized gradient (GGA) functionals [S4–S6]. For simulations of impurities in the heterostructure,
as shown in Fig. 1 of our paper, a k-mesh of 12x12x1 points and a plane-wave cut-off of 500 eV was employed.
For simluations of edge effects, the unit cell in Fig. 1a of the paper was repeated 8 times in one direction, whereby
only half of the supercell was covered by MoS2. Here, a 3x1x1 k-mesh was selected together with a plane-wave cut-off
of 400 eV. Rhenium impurities were included in the same concentration as discussed in Fig. 1b of the paper with a
minimum distance of Re impurities to the MoS2 edge of about 10 A˚.
FIG. S1. (a) (top) Sketch of the graphene-MoS2 system from side view to visualize the simulated sulfur defect position in the
system (yellow atoms indicate the graphene carbon atoms, blue atoms sulfur and red atoms molybdenum). (bottom) Band
diagram (blue bands). Orange thick bands show p state contributions of S atoms next to the sulfur vacancy. (b) The same for
oxygen impurities. Red thick bands show p state contributions of the oxygen impurity.
SAMPLE PREPARATION
The measurements were performed on samples comprised of a graphene - MoS2 heterostructure with Au electrodes
contacting the graphene. The samples were prepared by first mechanically cleaving a graphene flake onto a Si/SiO2
(300 nm oxide layer) substrate [S7]. A separately prepared MoS2 flake was then transferred to the surface of the
graphene flake. For this, a dry transfer technique [S8] was used whereby the MoS2 was prepared on a polymer
substrate, inverted and placed in the chosen position to ensure a clean interface between the two materials. Au
contacts were then fabricated by standard photolithographic processing.
3For measurements of the gate voltage response (Fig. 4d of the paper), a sample with several layers of MoS2 without
additional graphene layers on top was used, which explains the small photocurrent compared to the photocurrent
maps. We also simulated the effect of MoS2 multilayers on the doping and we found it to be not important (see
below).
SULFUR VACANCIES AND OXYGEN IMPURITIES IN MoS2
In the paper, we theoretically investigated the scenario of Re impurities in MoS2 and showed that these dope
graphene with electrons. However, other impurity types that can possibly occur have to be excluded as a source of
the doping. A possible source for a charge transfer between MoS2 and graphene could be sulfur vacancies in MoS2.
We simulated sulfur vacancies in the spirit of Fig. 1 in the paper using the same geometry, but by removing one out
of 32 sulfur atoms with further relaxation of the structure. The resulting band diagram is shown in Fig. S1a. First,
we can clearly see that graphene’s Dirac cone is perfectly aligned with the Fermi level, so graphene is undoped and
there is no charge transfer between graphene and defective MoS2 with S vacancies, even in this high concentration.
The main difference to the pristine MoS2/graphene interface can be found close to the Fermi level: here, it can be
seen that hole states emerge from p states of S atoms sitting next to the vacancy (orange thick bands).
FIG. S2. (a) (top) Sketch of the graphene-MoS2 system from side view with two MoS2 layers used (yellow atoms indicate the
graphene carbon atoms, blue atoms sulfur and red atoms molybdenum). (bottom) Band diagram (blue bands). The red thick
bands visualize contributions of the Re d orbitals to the band structure.
Since the XPS measurements exhibited a significant amount of oxygen in the samples, we also simulated MoOxS2−x
in the heterostructure to exclude doping effects here. Again, the same unit cell as in Fig. 1a of the manuscript was
used, but now with one S atom replaced by an oygen atom, so x = 0.0625 (Fig. S1b). Here, the band diagram looks
very similar to the pristine system shown in Fig. 1a in the main text. Since sulfur and oxygen are members of the same
group of the periodic table, the covalent bonds of S and O atoms with neighboring Mo atoms are similar. Therefore,
the oxygen p states (red colored thick bands) in the contaminated heterostructure do not affect the electronic structure
significantly.
4MoS2-THICKNESS AND TEMPERATURE DEPENDENCE OF THE DOPING
For photocurrent measurement, MoS2 flakes were used in the heterostructures with a thickness of several layers,
while simulations were performed considering a single-layer of MoS2 only. To be sure that the doping of graphene is
independent of the MoS2 flake thickness, we repeated the same calculations as shown in Fig. 1b of the paper, but
with two layers of MoS2 on top. The resulting band diagram is shown in Fig. S2. We find only a very small change
of the Fermi level shift of about 15 meV downwards and the bands look very similar compared to the single-layer
graphene/MoS2 heterostructure. Therefore, we conclude that the charge transfer in the interface region is not sensitive
to the thickness of the MoS2 flake and the modelled system is well-suited to simulate the doping in a heterostructure
with multi-layer MoS2.
We also tested the temperature influence on the Fermi level position in our calculations by extracting the car-
rier density from density of states calculations, which we weighted by Fermi-Dirac distribution. For measurements
performed at room temperature, temperature-induced Fermi level shifts are on the order of 10meV and therefore
negligible.
CHARGE REORDERING IN GRAPHENE UNDER DIFFERENT MoS2 EDGE TYPES
In Fig. 3 of our paper, we discuss the reordering of charge in graphene below a MoS2 edge for the case of a (1¯010)
edge. We also investigated (101¯0) edge types. We find that the shape of the potential step in graphene below MoS2
varies with these realistic edge types [S9, S10]. However, there are important similarities in the potential step for
all edge types. Neglecting additional impurities, the absolute value of the potential step varies, but is always on the
order of some hundred meV. Most importantly, the resulting electric field is always directed such that electrons move
to the uncovered regions while holes migrate to the covered part of the edge region. We also tested a complex edge
structure with lateral cuts in zigzag and armchair direction. This edge type is artificial because we did not saturate
edge atoms and did not relax the structure. The structure is shown from top view in Fig. S3. Although armchair
and zigzag states in MoS2 nanoribbons were shown to be electronically very different [S11], we see from the color
map of the graphene pz on-site energies (E =
∫
EF
−∞
ǫρ (ǫ) dǫ/
∫
EF
−∞
dǫ, with ρ (ǫ) the carbon pz-density of states) again
a potential step comparable to the steps under other edge types.
FIG. S3. Top view on the MoS2-graphene heterostructure (yellow atoms indicate the graphene carbon atoms, blue atoms sulfur
and red atoms molybdenum). The contour plot shows the on-site energy differences of graphene pz orbitals.
Hence, we always find a potential step in graphene below MoS2 edges, and the potential landscape becomes even
more manifold in the presence of impurities which we show in Fig. 3b of the paper. Although the exact local shape of
the potential landscape in the experiment is not known, we can conclude from our simulations that the photocurrent
is generated at these edges which is supported by symmetries in the photocurrent maps.
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